Terpolymers of L-lactide, D,L-lactide and trimethylene carbonate (TMC) were synthesized via the ring-opening polymerization reaction for cyclic monomers using stannous octoate as the initiator at a ratio of ~0.05 mol% (monomers/(SnOct) 2 ). Synthesis was done at 130 °C for 48 h. The inclusion of TMC, an aliphatic elastomeric polycarbonate, alongside polymer chain segments containing L-lactide and D,L-lactide, was expected to yield a material with improved properties such as increased elongation; this would overcome the limitation of copolymers consisting entirely of lactide and D,L-lactide. The terpolymer properties were assessed by Nuclear magnetic resonance spectroscopy 1 H and 13 C NMR, infrared spectroscopy, differential scanning calorimetry and thermogravimetry, with particular attention being given to the effect of TMC on the copolymer of L-lactide-co-D,L-lactide. The mixing of these polymers resulted in material with a high molar mass (10 5 g/mol). The mechanical properties of the terpolymer were assessed using pins of this material that were tested by mechanical flexion at three points. When compared with results for the copolymer PLDLA there was a decrease in Young's modulus for the TMC-containing terpolymer.
Introduction
Aliphatic polyesters are an attractive class of polymers currently used in biomedical and pharmaceutical applications. Prostheses based on bioresorbable polymers have been used for several years 1 and there is increasing interest in improving the properties of this class of materials as their range of medical applications expands. One reason for the growing interest in these degradable polymers is that their physical and chemical properties can be varied over a wide range by copolymerization and the development of a advanced macromolecular architecture 2, 3 . The ideal biodegradable bone fixation device should have biomechanical properties that provide adequate stability for osteotomy or fracture consolidation. The device should also lose strength over time to ensure that mechanical stress is transferred gradually to the healing bone. The modulus of elasticity of the device should approach the elasticity of bone to prevent stress-protection-induced atrophy that could lead to delayed union or no union 4 . Bioresorbable elastomeric polymers are widely employed in the medical field, in devices such as implants and porous scaffolds used in tissue engineering 5, 6 . Among bioresorbable polymers of interest is the copolymer poly (L,co-D,L-lactic acid; PLDLA) that is widely used in the proportion 70:30 because of its good mechanical properties and excellent biocompatibility. This polymer has been the subject of study of this research group and its synthesis is already consolidated so that the polymer has high molecular weight [7] [8] [9] [10] [11] [12] [13] [14] . Though PLA is limited by its inherent brittleness, its properties can be significantly enhanced and broadened by modification via copolymerization, which provides a number of advantages because the architecture and composition of the biomaterials can be tailored to control and composition of the biomaterials can be tailored to control the material properties (by anionic or coordinated polymerization) 15 . Though, the low elongation values of this copolymer make it susceptible to brittle fracture, which in turn limits its range of applicability. An increase in the elongation value of PLDLA would therefore be useful in expanding the applications of this material.
In the present study, we sought to enhance the elongation value of PLDLA by inserting segments of trimethylene carbonate (TMC), an elastomeric aliphatic polycarbonate, alongside the PLDLA copolymer chain, to enhance the stability of the copolymer. TMC was chosen for the present study because this material has already been used to prepare a variety of biomedical implants 16, 17 . An incorporation of aliphatic carbonate units based on TMC into segmented copolymer structure can be a successful method to modify both mechanical properties and rate of biodegradation of aliphatic polyesters. Moreover, polymers based on aliphatic polycarbonate are promising materials with high potential for medical applications due to their biocompatibility, *e-mail: motta@fem.unicamp.br; motta.adrianam@gmail.com low toxicity and susceptibility to biodegradation 18 . Copolymerization of TMC with lactide or glycolide [19] [20] [21] [22] , various lactones 23, 24 , adipic anhydride 25 , and cyclic imine 26 have also been reportaded.
The range of applications for terpolymers such as PLDLA-TMC is large and includes fixatives in the form of plates and screws for small fractures, devices for the controlled release of drugs and as porous scaffolds for culturing cells in tissue engineering.
The synthesis of novel polymer structures through ring opening polymerization (ROP) has been studied for several years [27] [28] [29] and is the most popular route for poly(α-ester) synthesis. One of the most important factors that influences the properties of aliphatic polyesters is the molecular weight, with high molecular weight materials generally having better mechanical properties. In this work, we sought to optimize the conditions for synthesizing high molar mass PLDLA-TMC 30, 31 .
Experimental

Material
L-lactide and D,L-lactide monomers were obtained from Purac Biochem (The Netherlands) and trimethylene carbonate (1,3 dioxan-2-one) (TMC) was obtained from Boehringer Ingelheim (Germany). The catalyst tin-2-ethyl hexanoate, commonly known as stannous octoate (Sigma), was used as received. TMC was dried under vaccum at room temperature for 12 h before use. All other chemicals or solvents were reagent grade.
Terpolymerization
Appropriate amounts of L-lactide, D,L-lactide and TMC (L:D,L:TMC = 56:24:20 and 49:21:30, w/w) were mixed and poured into glass ampoules. Stannous octoate was added to a monomer/Sn(Oct) 2 molar ratio of ~5000. The ampoules was sealed under vacuum and then immersed in an oil bath at 130 °C for 48 h. At the end of the reaction, the ampoules were opened and the contents were dissolved in chloroform and precipitated in methanol. The terpolymer was dried under vacuum for 8 h at 45 °C to eliminate residual solvent.
Characterization
The terpolymer composition was determined by 1 H-NMR and 13 C-NMR. The spectra were recorded in CDCL 3, referenced to tetramethylsilane (TMS) as an internal standard in a Bruker AC-300P spectrometer (300 MHz and 75 MHz, respectively). Five millimeter samples tubes were used. The spectra were obtained at 25 °C. FT-IR spectra were obtained with a Bomen spectrometer at 4000-650 cm -1 after casting the films from methylene chloride solutions onto NaCl pellets.
The molecular weight was estimated by size exclusion chromatography (CLWA-1) with Tetrahydrofuran (THF) as the mobile phase and polysterene (10 2 , 10 4 and 10 5 nm) as standards. All determinations were done at 25 °C.
Differential scanning calorimetry (DSC) was done using a Perker-Elmer equipped with a low-temperature accessory. The DSC measurements were done at a heating rate of 10 °C/ min in a nitrogen atmosphere and in the temperature range of -50 °C to 200 °C. The glass transition temperature (Tg) was taken at the midpoint of the stepwise specific heat increment.
Thermogravimetric analysis (TGA) was done using a Netzsch STA499C thermal analyzer. The samples were heated from room temperature to 500 °C at a heating rate of 10 °C min -1 in an argon atmosphere.
Preparation of pins for evaluation of mechanical properties and morphology
Dense pins of PLDLA and PLDLA-TMC were prepared to compare them by fusion in a mold (2.5 mm diameter) using a Mini Max Molder (LMM-2017, Austin, TX, USA) at 220 °C. The mold was cooled at room temperature. The mechanical properties of the PLDLA and PLDLA-TMC pins were tested by the three-point bending method, according to ASTM D 790-95A in an MTS TestStar II using a cell load of 100 kgf (bottom scale: 20 kgf), at a speed of 5 mm/min. The distance between the two ends was 2 cm.
Pin morphology was studied with a scanning electron microscope (SEM). Sample were coated with gold using a sputter-coater (BAL-TEC SCD 050), and the microscope was operated at 10kV.
Results and Discussion
Synthesis of PLDLA-TMC terpolymers
Polymerization was done by the ring-opening bulk procedure as shown in Scheme 1. Stannous octoate was selected as it is highly efficient and commonly used in the preparation of polymers for biomedical applications 32 . A series of segments containing lactide, D, L lactide and TMC have been synthesized - Table 1 . The molar fraction of L-and D,L-lactide was fixed ( 70% L; 30% D,L) while that of TMC was varied (20% or 30% of TMC by weight) ( Table 1) Terpolymerization was done at 130 °C for 48 h. Variation in the amount of TMC along the polymer chain was seen as fluctuations in the intensity of the NMR peaks, as noted below. 
Molecular structure of the terpolymer
The hydrogen residues corresponding to L-lactide, D,Llactide and TMC were assigned based on the terpolymer structure (Figure 1 ).
Proton nuclear magnetic resonance ( 1 H-NMR)
The terpolymer composition was determined by 1 H-NMR. The signals detected in the 1 H-NRM terpolymer were practically the same as those for the poly(L-lactic-co-D,L-lactic acid) copolymer, differing only in two offsets that were characteristic of the presence of TMC and could be checked at δ 2.05 ppm (CH 2 -TMC) and δ 4.24 ppm (OCH 2 -TMC) [33] . Figure 2 compares the 1 H-NMR spectra of the copolymer PLDLA and the terpolymer PLDLA-TMC. In the copolymer spectrum, a multiplet at 5.12-5.24 ppm was assigned to the CH proton (b), while the quartet at 1.55-1.59 ppm was assigned to the CH 3 protons (a) [34] . In the case of PLDLA-TMC, the triplet at 2.05 ppm was assigned to the CH 2 protons (c), while the triplet at 4.24 ppm was assigned to OCH 2 
(d).
The only difference between the spectra for PLDLA (spectrum h) and PLDLA-TMC (spectrum i) was the presence of peaks corresponding to the protons of TMC. This finding indicated that the appropriate conditions had been used to synthesize the terpolymer. Figure 3 shows the 1 H-NMR spectra for PLDLA-TMC obtained using 20% (spectrum j) and 30% (spectrum k) TMC. These two concentrations were used to facilitate identification of the peaks corresponding to protons of TMC (slightly greater with the higher concentration). Figure 4 shows the proton peaks obtained with 30% TMC in greater detail.
Okada 35 suggested that the small peaks in the region of 4.48 ppm corresponded to traces of residual monomer. The 1 H-NMR spectra obtained here clearly indicated the presence of protons contributed by TMC and PLDLA. 1 H-NMR was also used to calculate the amount of unconverted monomer during polymerization. This was done by integrating the peaks corresponding to the protons of the methyl groups in PLDLA and the CH 2 protons belonging to TMC, as described by Buchholz 19 . Table 2 shows the starting concentrations of TMC and the composition detected by 1 H-NMR.
According to Ruckenstein et al. 36 the rate of conversion of the LLA monomer is greater than the rate of reaction of the TMC cyclic monomer, which explains the presence of fewer units of these molecules linked to TMC in the polymer chain.
Carbon-13 nuclear magnetic resonance ( 13 C-NMR)
The 13 C-NMR signals obtained for PLDLA-TMC agreed completely with those obtained for the individual units that constitute the terpolymer. Table 3 shows the 13 C-NMR signals for the individual constituents of the terpolymer compared to the corresponding values reported in the literature. The presence of signals characteristic of PLDLA and TMC indicated that the synthesis of PLDLA-TMC was successful. Figure 5 shows the 13 C-NMR spectrum of the terpolymer.
Infrared (IR) absorption spectra
IR absoprtion spectra are very useful for analyzing TMC and lactide copolymers. Specifically, the bands attributed to the presence of TMC occur at 1745 cm -1 (C=O) and 1247 cm -1 (OCO), the latter involving asymmetrical stretching, while the bands corresponding to PLDLA occur at 1757 cm -1 and 1185 cm -1 (C=O and COC, respectively) [36] . Figure 6 shows the Fourier-transform IR (FTIR) spectrum of PLDLA and PLDLA-TMC,
Gel permeation chromatography
The molar mass is an important parameter in classifying polymers and their mechanical properties. Table 4 shows that the molar mass of PLDLA-TMC was in the order of 10 5 g/mol, which is characteristic of high molecular weight polymers. This is an important feature in order to obtain materials that present good mechanical performance during a period of implantation, what is required for a large number of applications ranging from fracture fixation to polymeric scaffolds. The starting molecular weight influences the total time of degradation of a device 37 . The physical properties of a polymer are directly dependent on its molecular weight.By preparing high molecular weight polymers one can obtain materials with good mechanical performance, even after processing methods that can induce chain scission like melt processing or sterilization by gamma irradiation 30 . Independently of the degradation mechanism of the polymer, the onset of loss of mechanical properties and mass is delayed with increasing initial molecular weight of the material.
The polydispersity values of all terpolymers are between 1-2.These values This has been reported before for lactone ring-opening polymerizations 38 . The conditions used to obtain the terpolymer, viz., a monomer/catalyst ratio of ~5000, a temperature of 130 °C and a synthesis time of 48 h, allowed polymerization of the high molecular weight material, the properties of which could be checked by GPC analysis.
Differential scanning calorimetry (DSC)
All of the terpolymers prepared in this study were amorphous, with no melting point. Figure 7 shows a typical thermogram for the second heating curve; the first heating scan showed a unique glass transition (Tg) around 50 °C. Table 5 shows typical phase transition values for these amorphous terpolymers as measured by DSC. The amorphous nature of the copolymer, together with its lower degradation and greater flexibility, provide important advantages compared to the homopolymer PLLA, which is highly crystalline. This is particularly the case when the time required for application is short. Comparison of this PLDLA-TMC terpolymer with the PLDLA copolymer studied by Motta 14 shows that there was a slight decrease in the Tg from 58 °C (PLDLA) to 47 °C (PLDLA-TMC); this decrease reflected the flexibility of TMC inherent in the terpolymer chain.
Thermal gravimetric analysis (TGA)
The thermal stability of the terpolymer was analyzed by by TGA. Figure 8 shows the thermogravimetric curve for the synthesis of PLDLA-TMC. Table 6 shows the temperature of onset of loss of mass and the temperature at which the loss of mass was maximum for each terpolymer synthesized. The concentration of TMC (20% or 30%) did not affect the temperature of the onset of degradation. Table 7 summarizes the mechanical properties of PLDLA-TMC. The high modulus and strength of PLDLA reflected the stiffness of this copolymer. In contrast, PLDLA-TMC showed a decreased in modulus because of the presence of TMC. This feature suggests that PLDLA-TMC may useful for implants in soft tissue engineering.
Mechanical properties of PLDLA-TMC and morfology
It is noted that both the surface and the fracture surface of the pins have a completely dense morphology characteristic of devices obtained by the melting process, and also suitable for applications aimed fracture fixation ( Figure 9 ).
Conclusion
Terpolymers of L-lactide, D,L-lactide and TMC were synthesized by the ring-opening bulk copolymer method, using stannous octoate as the catalyst. The conditions used (reaction done at 130 °C for 48 h) generated high molecular weight material (10 5 g/mol), as interest increases in biodegradable polyesters for use in biomedical applications, since it physical properties of a polymer are directly dependent on its molecular weight. The molecular structures, thermal properties, as well as the mechanical properties of material were determined using 1 H-NMR, 13 C-NMR and IR. Thermal analysis by DSC showed that the terpolymer was amorphous (Tg of ~48 °C). The thermal stability measured by TGA showed that the temperature for the onset of degradation was ~290 °C and there was a decrease in the modulus as a function of the presence of TMC. The degradability of these tercopolymers in vitro and in vivo will be investigated in future studies.
